In nonalcoholic fatty liver disease (NAFLD), increased alanine aminotransferase (ALT) concentrations are considered to be a consequence of hepatocyte damage. We performed a prospective study to examine the association between ALT within its reference interval and risk for subsequent development of NAFLD. 
NAFLD encompasses the entire spectrum of liver conditions, ranging from simple steatosis through steatohepatitis to advanced fibrosis and cirrhosis (1 ) . Concurrent with the worldwide epidemic of obesity, NAFLD is considered to be the most common cause of unexplained abnormal results of liver function tests (2 ) . Although hepatic steatosis was long believed to be a benign disease, NAFLD has recently gained much interest (3 ) . Percentage hepatic fat has been reported to be a feature highly associated with insulin resistance (4, 5 ) . Furthermore, several studies have suggested an association between NAFLD and features of the metabolic syndrome, including dyslipidemia and obesity, thereby stressing the association with insulin resistance as an important feature of NAFLD (6, 7 ) . Currently, NAFLD is recognized as a pathogenic factor of insulin resistance and type 2 diabetes (3 ).
Several prospective epidemiological studies have demonstrated that increased concentrations of hepatic enzyme in serum, even within the reference interval, may be related to increased risk of type 2 diabetes and the metabolic syndrome, as well as death (8 -10 ) . Among the hepatic enzymes aspartate aminotransferase (AST), ala-nine aminotransferase (ALT), and ␥-glutamyltransferase (GGT), ALT is most closely related to liver fat accumulation (11 ) . In cross-sectional studies (12 ) , participants with NAFLD often have increased circulating concentrations of ALT. Paradoxically, the complete spectrum of NAFLD was reported in patients with normal ALT activity, even after decreasing the cutoff value to Յ19 U/L (13 ) . Moreover, increased ALT not associated with fatty liver was observed frequently in obese participants (14 ) . ALT actually is a glucogenic enzyme, and increased ALT has been demonstrated to be an indicator of impaired insulin signaling, which might not necessarily be associated with liver injury due to hepatic steatosis (3, 15 ) . To date, although an increased ALT concentration is considered a consequence of hepatocyte damage in NAFLD (3 ), it is unclear what underlies the relationship between ALT and NAFLD. Of more recent interest, an inverse correlation between ALT concentrations and adiponectin concentrations has been demonstrated (16 -18 ) . As these previous observational findings are consistent with a biological link between ALT and development of NAFLD, we performed a prospective study to test whether higher concentrations of ALT within its reference interval predict future NAFLD in apparently healthy men in Korea.
Materials and Methods study population
We conducted a prospective cohort study of nondiabetic Korean men at a large semiconductor manufacturing company and its 13 affiliates. All employees participate in either annual or biennial health examinations, as required by Korea's Industrial Safety and Health Law. The study population included men Ն40 years old who underwent an annual comprehensive health examination and men 30 to 39 years old who underwent a biennial comprehensive health examination. In 2002, 15 347 workers, ages 30 to 59 years old, participated in the comprehensive health examinations at a university hospital in Seoul, Korea. We excluded 9462 men based on the following exclusion criteria that might influence insulin resistance or ultrasonography findings of the liver as a result of other liver disease (as some individuals met more than 1 exclusion criterion, the following data total more than 9462): (a) 27 had a history of a malignancy; (b) 16 had a history of cardiovascular disease; (c) 125 reported current use of antihyperlipidemics; (d) 279 had fasting glucose concentrations Ն7.0 mmol/L or current use of blood glucoselowering agents; (e) 2498 reported an alcohol intake Ն20 g/day; (f) 5064 had fatty liver based on ultrasonography; (g) 6928 had (i) a positive serologic finding for hepatitis B or C virus, (ii) chronic liver disease or liver cirrhosis based on ultrasonography, (iii) increased ALT (Ն35 U/L) or GGT (Ն40 U/L), or (iv) a reported history of known liver disease, including viral, genetic, autoimmune, and druginduced liver disease; and (h) 337 had missing data in medical histories or serum aminotransferase concentrations.
The NAFLD-free cohort thus comprised 5888 men. They were reexamined at the same hospital annually or biennially until July 2006. After excluding 651 men who did not complete their follow-up examinations, 1222 participants with annual health examinations (mean follow-up 3.02 years, SD 1.14 years) and 4015 with biennial health examinations (mean follow-up 2.39 years, SD 1.01 years) were successfully followed and observed for the development of NAFLD. Altogether, these 5237 men were included in the final analysis, and their mean (SD) follow-up period was 2.54 (1.08) years. This study was approved by the Institutional Review Board at Kangbuk Samsung Hospital and was in accordance with the principles of the Helsinki II Declaration.
measurements
Initial health examinations performed in 2002 included a medical history, physical examination, questionnaire about health-related behavior, anthropometric measurements, and biochemical measurements. Medical history and history of prescription drug use were assessed by the examining physicians. All participants were asked to respond to a questionnaire on health-related behavior. Questions about alcohol intake included the frequency of alcohol consumption on a weekly basis and the usual amount consumed on a daily basis. We considered persons reporting that they smoked to be current smokers. In addition, participants were asked about their weekly frequency of physical activity such as jogging, bicycling, and swimming that lasted long enough to produce perspiration.
Fasting blood samples were drawn from an antecubital vein after participants had fasted for Ն12 h. We measured fasting serum glucose, total cholesterol, triglycerides, LDL cholesterol, HDL cholesterol, GGT, ALT, AST, and alkaline phosphatase (ALP) concentrations enzymatically with an automatic analyzer (Advia 1650, Bayer Diagnostics). We measured fasting serum glucose with the hexokinase method; total cholesterol and serum triglycerides with enzymatic colorimetric tests; LDL cholesterol with the homogeneous enzymatic colorimetric test; HDL cholesterol with the selective inhibition method (Bayer Diagnostics); and insulin concentrations with immunoradiometric assays (Biosource), with intra-and interassay CVs of 4.7% to 12.2%. We estimated insulin resistance by use of the homeostasis model assessment (HOMA-IR), as described by Matthews et al. (19 ) . We analyzed highsensitivity C-reactive protein (CRP) by use of particleenhanced immunonephelometry with the BN System (Dade Behring). The minimum detectable CRP concentration was 0.175 mg/L after 1:20 sample dilution. The Korean Association of Quality Assurance for Clinical Laboratories assessed the quality control of the laboratory, both internally and externally, on a regular basis.
Because the reference interval and cutoff value of ALT are controversial (20 ) , increased serum ALT and increased serum GGT were defined as values in their respective highest quartiles of our study population (Ն35 U/L for serum ALT and Ն40 IU/L for serum GGT) (21 ) . The reference interval used at the Kangbuk Samsung Hospital for serum concentrations of ALT in men was 0 to 40 U/L.
Trained nurses obtained sitting blood pressure readings with a standard mercury sphygmomanometer. The 1st and 5th Korotkoff sounds were used to estimate systolic and diastolic blood pressure. Height and weight were measured with the participants wearing a lightweight hospital gown and no shoes. Body mass index (BMI) was calculated as the patient's weight (in kilograms) divided by the square of the patient's height (in meters). The rate of weight change was calculated as follows: weight change ϭ (last weight Ϫ baseline weight)/follow-up period (years).
The diagnosis of fatty liver was based on the results of abdominal ultrasonography with a 3.5-MHz transducer (Logic Q700 MR, GE). Ultrasound studies were carried out by 3 experienced radiologists who were unaware of the aims of the study and blinded to laboratory values. Images were captured in a standard fashion with the patient in the supine position, right arm raised above the head. All ultrasonographic images were stored in the image server and also taken with instant film for later inspection by the radiologists and physicians. Of 4 known criteria [hepatorenal echo contrast, liver brightness, deep attenuation, and vascular blurring (22 ) ], a diagnosis of fatty liver required the participant to have hepatorenal contrast and liver brightness. Based on computer-generated random samples among the stored images, there was excellent agreement on fatty liver diagnosis between the 3 radiologists (agreement 99%, 0.98).
The ATP III proposed the following 5 abnormalities to define the metabolic syndrome (23 ): (a) abdominal obesity; (b) high fasting glucose: Ն6.1 mmol/L; (c) hypertriglyceridemia: triglycerides Ն1.69 mmol/L; (d) low HDL cholesterol: Ͻ1.04 mmol/L; and (e) high blood pressure: Ն130/85 mmHg. Because waist measurements were not available for the entire study sample, we substituted BMI Ն25 kg/m 2 for all participants as an index of obesity, as this cutoff has been proposed for the diagnosis of obesity in Asian people (24 ) . Individuals with at least 3 of the 5 abnormalities were considered to have the metabolic syndrome.
statistical analysis
The 2 -test and 1-way ANOVA were used to analyze statistical differences among the characteristics of the study participants at the time of enrollment in relation to serum ALT concentrations within the reference interval. Serum ALT was categorized into the following quintiles: Ͻ16, 16 -18, 19 -21, 22-25, and 26 -34 U/L. Incidence density was expressed as the number of cases divided by the person-years from baseline until development of NAFLD, by assuming a date of diagnosis in the middle of the follow-up period or until the final physical examination. Incidence densities were compared by calculating hazard ratios with the 95% confidence interval (CI). We used the Cox proportional hazards model to calculate each adjusted hazard ratio (aHR) in the model for NAFLD. The data were first adjusted for age alone and then for the multiple covariates. In the multivariate models, we included the variables (age, BMI, weight change, fasting serum glucose, systolic blood pressure, triglycerides, HDL cholesterol, HOMA-IR, CRP, smoking, alcohol consumption, and regular exercise) that might confound the relationship between the serum ALT and NAFLD. For linear trends of risk, the number of quintiles was used as a continuous variable and tested on each model. Analyses were done with SPSS version 13.0 (SPSS Inc.). All the reported P values were 2-tailed, and those Ͻ0.05 were considered to be statistically significant.
Results
At baseline, the mean (SD, range) age of the 5237 participants was 36.6 years (4.8, 30 -59); the BMI was 22.7 kg/m 2 (2.4, 15.6 -33.3). Of the 5888 eligible participants at baseline, 651 who did not have a follow-up examination by the end of July 2006 were more likely to be current smokers than the remaining participants; all other variables were not different between the participants lost to follow-up and those with successful follow-up.
During 13 276.6 person-years of follow-up, 984 new incident cases of NAFLD developed. In contrast to participants without incident NAFLD, those with incident NAFLD were slightly older and more likely to have the metabolic syndrome and incident diabetes. As expected, BMI, glucose, blood pressure, lipid profiles, and hepatic enzymes, except ALP, were significantly different between the 2 groups. In addition, HOMA-IR and CRP were higher for those with incident NAFLD (data not shown).
The baseline characteristics of the study sample according to the quintiles of serum ALT concentrations are shown in Table 1 . Tests for differences of variables across the quintiles of serum ALT found that BMI, glucose, blood pressure, lipid profiles, CRP, and HOMA-IR showed a linear trend in relation to serum ALT concentration, even within its reference interval, whereas age, current smoking, alcohol consumption, regular exercise, and incident diabetes did not.
An increase across the serum ALT quintiles predicted the incidence of NAFLD in a graded and dose-responsive manner ( 
ciations were also observed in the stratified subgroup analyses according to drinking habit (alcohol drinking of Ͻ10 g per day or nondrinker), nonobese (BMI Ͻ25 kg/m 2 ), and even normal weight (BMI Ͻ23 kg/m 2 ). Moreover, even in participants without any features of the metabolic syndrome, any increase of serum ALT, despite being within the reference interval, continued to predict the incidence of NAFLD.
To explore whether the risk for NAFLD in relation to serum ALT within its reference interval was mediated by the subsequent increase of serum ALT and serum GGT, we fit an additional model, excluding participants who showed an increase of serum ALT Ն35 U/L and serum GGT Ն40 U/L at follow-up. Even after these exclusions, the linear association between NAFLD and the serum ALT quintiles within the reference interval remained statistically significant (P for trend Ͻ0.001). In addition, even after exclusion of participants who reported ethanol intake of Ն20 g/day only at follow-up, the relationship of ALT on incident NAFLD remained statistically significant (P for trend Ͻ0.001). During follow-up, 4 new incident cases of hepatitis B virus (serologically positive) were found, and no cases of hepatitis C virus were found. Furthermore, these 4 new incident cases of hepatitis B virus did not have NAFLD at follow-up.
Baseline GGT also predicted the incidence of NAFLD, but this association was weaker than the gradient for ALT, and the associations across GGT quintiles seemed to be nonlinear (models 4 and 5 in Table 3 ). Furthermore, serum GGT was not significantly related to the incidence of NAFLD in nondrinkers and normal-weight participants (BMI Ͻ23 kg/m 2 ). The ratio of baseline ALT to AST also predicted the incidence of NAFLD, although again this association was weaker than the gradient for ALT. Neither AST nor ALP was significantly related to the incidence of NAFLD.
Discussion
In this prospective study of apparently healthy, nondiabetic Korean men, increasing ALT concentration, even within its reference interval, was an independent predictor of incident NAFLD, irrespective of various potential confounders, including BMI, alcohol consumption, CRP, HOMA-IR, and the metabolic syndrome components of fasting glucose, lipids, and blood pressure. Moreover, this relationship of ALT on incident NAFLD remained even after adjustment for incident diabetes and weight gain. The strength of this study was the large sample size, which allowed us to identify the effect among stratified subgroup analyses. Even in normal-weight participants, modestly increased ALT continued to predict incident NAFLD, as was apparent among our participants whose ALT remained within the reference interval at follow-up.
To our knowledge, this is the first study to demonstrate a relationship between ALT and incident NAFLD based on ultrasonography, although several cross-sectional studies have already demonstrated that rising ALT, even within the currently accepted normal reference interval, is associated with NAFLD (25 ) . A previous study also showed that ALT appears to have associations with both hepatic insulin resistance and later decline in hepatic insulin sensitivity (26 ) . Moreover, a recent study has demonstrated that subtle alterations in glucose tolerance and lipid metabolism exist in those patients with higher ALT, and that this is not necessarily accompanied by hepatic steatosis (27 ) . In our prospective study, even ALT concentrations in the upper portion of the reference interval predicted NAFLD, and they did so in a dosedependent manner. Therefore, although the mechanism through which serum ALT is related with the risk for NAFLD remains to be elucidated, ALT might be not only an indicator of liver injury due to hepatic steatosis but also an early indicator of impaired insulin signaling. Among the hepatic enzymes in the present study, serum ALT concentration was more closely associated with the development of NAFLD than either AST or GGT concentrations. This finding could be explained by the higher specificity of ALT for liver injury (11 ), as well as by the contribution of ALT as a glucogenic enzyme. We have shown that the predictive effect of ALT on incident NAFLD was independent of the degree of adiposity and that ALT, but not GGT, predicted the development of NAFLD, even in normal-weight participants (BMI Ͻ23 kg/m 2 ). Our results appear to agree with the findings of several previous studies that ALT is more closely associated than either AST or GGT with both hepatic insulin resistance and later decline in hepatic insulin sensitivity (26 ) . GGT might also be involved in the pathogenesis of NAFLD through other mechanisms, such as oxidative stress (28 ) .
With respect to other risk factors, our findings support an association between weight gain and NAFLD (6 ) . In addition, the link between ALT and other confounders, such as triglycerides, CRP, and insulin resistance assessed from the HOMA model, could be related to incident NAFLD. Even after the potential confounders in the present study were adjusted for, the predictive ability of ALT persisted across every ALT category compared with Clinical Chemistry 53, No. 4, 2007 the referent group of the lowest quintile. Therefore, increased ALT, despite remaining within the reference interval, might be an important preclinical marker of NAFLD, possibly as a component of the early phase of NAFLD. Our study had several limitations. First, NAFLD was not assessed by biopsy. Although in the diagnosis of liver steatosis ultrasonography is a useful method with a reasonable sensitivity and specificity (29, 30 ) , it may underestimate the actual rate of NAFLD, because ultrasonography changes do appear at a hepatocyte fat content of Ն15% to 30% (29 ) . Another possible explanation could be that a slightly increased serum ALT concentration might reflect subclinical (or ultrasonography-undetectable) early fatty changes in the liver (hepatic steatosis), which predate the overtly detectable NAFLD, i.e., ALT might be a preclinical marker of NAFLD. In addition, because ultrasonography cannot accurately differentiate steatosis from fibrosis (29 ) , in the present study, incident NAFLD on ultrasonography might have represented the simple hepatic steatosis as well as another NAFLD spectrum condition, such as nonalcoholic steatohepatitis, defined as steatosis plus any stage of fibrosis or steatosis plus inflammation (31 ) . A second possible limitation is that serum ALT during follow-up was not included in the analysis. However, an association between ALT and incident NAFLD remained even after exclusion of participants who showed an increase of serum ALT Ն35 U/L and serum GGT Ն40 U/L at follow-up. Finally, the information on alcohol drinking was self-reported and thus likely to have been underreported. Nevertheless, the association of ALT with incident NAFLD in our study remained even after exclusion of participants with ethanol intake of Ͼ20 g/day first reported at follow-up.
In conclusion, in apparently healthy, nondiabetic Korean men, higher ALT concentrations within the reference interval were an independent predictor of incident NAFLD. This relation remained significant even among normal weight participants still within the reference interval of ALT and GGT at all follow-up examinations, irrespective of potential confounders. Further studies on the relation between ALT within its reference interval and NAFLD might help to elucidate the underlying mechanism of the relationship between ALT and increased NAFLD.
